Introduction
Cancer immunotherapy, which exploits the patient's own immune system to attack tumor cells, is a rapidly emerging treatment modality. Among different therapeutic strategies, adoptive cell therapy is one of the promising options (1, 2) . In this therapy, tumor-reactive T cells are expanded from a patient's tumor tissue or peripheral blood or generated via genetic engineering of T cells in vitro, and the cells are then infused back into the patient. Recent clinical trials have demonstrated the efficacy of this therapy in some types of malignancies that are refractory to conventional treatment (3) (4) (5) (6) (7) (8) (9) . There is a growing consensus that the persistence of the transferred T cells is critically important for inducing durable clinical responses (5, (10) (11) (12) . When cultivated in vitro, naive T cells gradually acquire the surface marker phenotypes of memory T cells following T cell receptor (TCR) stimulation. They are classified into stem cell-like memory (T SCM ), central memory (T CM ), and effector memory (T EM ) T cells (13) . Among these populations, T SCM cells possess superior persistence and antitumor effects in multiple cancer immunotherapy models (12) (13) (14) (15) (16) (17) (18) . Since cultured memory T cells irreversibly differentiate in the order of T SCM , T CM , and T EM and lose their long-term survival potential, in vitro expansion of antitumor T cells needs to be optimized to maintain a T SCM phenotype while accomplishing efficient expansion.
Optimal T cell activation and proliferation requires multiple signals involving TCR stimulation (signal 1), a costimulatory signal (signal 2), and cytokine engagement (signal 3) (19) . For in vitro polyclonal T cell stimulation, anti-CD3 antibodies are widely used for conferring signal 1; these antibodies can be immobilized on the surface of wells or cross-linked with Fc receptor-bearing accessory cells such as monocytes and B cells. Magnetic beads conjugated with anti-CD3 and anti-CD28 antibodies provide an alternative approach for T cell stimulation (20, 21) . Although anti-CD3/CD28 beads have been used in clinical trials, this methodology preferentially expands CD4 + T cells and is not optimal for expanding CD8 + T cells (22, 23) . We and others previously developed K562-based artificial antigen-presenting cells (aAPCs) for the in vitro expansion of T cells in both an antigen-specific and nonspecific manner (22, (24) (25) (26) (27) (28) . In contrast to
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inert particles, stimulation with cell-based aAPCs expressing a membranous form of anti-CD3 antibody and the costimulatory molecules CD80 and CD83 (aAPC/mOKT3) resulted in the preferential expansion of polyclonal CD8 + T cells (28) . However, the precise mechanism underlying the difference and the effects of aAPCs on the quality of the expanded T cells for adoptive transfer have yet to be determined.
In this study, we performed comparative analysis of polyclonal T cells stimulated with anti-CD3/ CD28 beads versus cell-based aAPCs and found that prolonged stimulatory signals from beads constrict their proliferative potential. In contrast, transient bead stimulation achieved superior expansion of CD8 + T cells. Moreover, the expanded CD8 + T cells receiving transient stimulation better maintained a T SCM phenotype and possessed superior in vivo persistence and antitumor effects compared with the chronically stimulated T cells. These findings provide important insights into the strategy to generate T cell grafts in vitro for the purpose of adoptive immunotherapy.
Results

Transient stimulation with cell-based aAPCs induces superior expansion of CD8
+ T cells. First, we analyzed the proliferation of T cells and their functional properties upon stimulation with anti-CD3/CD28 beads or cell-based aAPCs. Since the purpose of this study was to explore an optimal method to expand T cells for adoptive cancer immunotherapy, T cells were transduced with the anti-CD19 chimeric antigen receptor (CAR) gene during expansion throughout the experiments as a model of the protocol to generate antitumor T cell grafts ( Figure 1A ) (29) . We confirmed that stimulation of polyclonal CD3 + T cells with aAPC/ mOKT3 preferentially expands CD8 + T cells in the presence of IL-2 and IL-15, while anti-CD3/CD28 bead stimulation results in less proliferation of CD8 + T cells ( Figure 1 , B and C) (28) . T cell stimulation with K562 cells expressing mOKT3 and CD80, but not CD83, similarly induced the preferential expansion of CD8 + T cells. There was not a significant difference between the 3 treatments in CD4 + T cell expansion. We also evaluated T cell expansion in the presence of IL-7 and IL-15, which was recently reported to promote more efficient proliferation of CD8 + T cells than IL-2 (14) . While IL-7 and IL-15 supplementation improved the expansion of bead-stimulated T cells, aAPC/mOKT3-stimulated CD8 + T cells still showed an explicit proliferative advantage (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/jci.insight.89580DS1). When memory T cell phenotypes were analyzed, CD8 + T cells stimulated with the cell-based aAPCs maintained a CD45RA + CD62L +
CCR7
+ phenotype significantly better than those stimulated with the beads (Figure 1, D-F ). These CD8 + T cells were also positive for CD27, CD28, and CD95 (Supplemental Figure 2 ), indicating that they had a recently described T SCM phenotype (13) . Furthermore, the CD8 + T cells expanded with the cell-based aAPCs were more potent in secreting multiple cytokines including IL-2, IFN-γ, and TNF-α than the bead-stimulated T cells ( Figure 1, G and H) . These results indicate that cell-based aAPC treatment is more efficient than antibody-coated inert particles in generating CD8 + T cells with a T SCM phenotype that can secrete multiple cytokines. In contrast, the frequency of T SCM cells within CD4 + T cells was comparable between bead-and cell-based aAPC-stimulated cells (Supplemental Figure 3A) . Secretion of IFN-γ, but not IL-2 or TNF-α, was significantly more robust in cell-based aAPC-stimulated CD4 + T cells than in bead-stimulated cells (Supplemental Figure 3B) .
Transient stimulation provides superior proliferative signals for CD8
+ T cells. While antibody-conjugated beads or inert particles can persist after encounters with T cells, cell-based aAPCs are irradiated and readily lysed upon ligation with T cells. In fact, the number of aAPC/mOKT3 cocultured with T cells progressively declined and reached levels as low as approximately 0.5% within 96 hours (Figure 2A ). Although stimulation of T cells with anti-CD3/CD28 beads and aAPC/mOKT3 similarly upregulated the expression of the activation marker CD69 24 hours later, the expression declined more quickly in the aAPC/mOKT3-stimulated T cells, indicating that they were stimulated for a shorter time period than those stimulated with the beads ( Figure 2B and Supplemental Figure 4A ). We postulated that transient T cell stimulation provided signals optimal for in vitro CD8 + T cell proliferation, while continuous stimulation led to overstimulation, thereby depriving the T cells of proliferative potential in vitro. To test this, we stimulated CD3 + T cells with anti-CD3/CD28 beads and removed them the next day to recapitulate the transient stimulation provided by aAPC/mOKT3. T cell stimulation with anti-CD3/CD28 beads downregulated the surface expression of CD3, which quickly recovered after removal of the beads ( Figure 2C and Supplemental Figure 4B ). The T cells that were chronically stimulated by anti-CD3/CD28 beads still maintained the surface expression of CD3 to some extent, which appeared to make them undergo prolonged stimulatory signaling ( Figure 2C ). Consistent with this, the T cells with beads removed displayed decreased CD69 expression 6 days following stimulation, as was observed with stimulation with aAPC/ mOKT3 ( Figure 2D and Supplemental Figure 4C ). The transiently stimulated T cells demonstrated more cellular division and better viability than the chronically stimulated ones, indicating that the superior expansion mediated by transient stimulation is probably due to both increased proliferation and reduced + and CD8 + T cells was analyzed 14 days following stimulation (n = 7, paired ANOVA). *P < 0.05, **P < 0.01. cell death (Figure 2 , E and F, and Supplemental Figure 4D ). The transient stimulation with anti-CD3/ CD28 beads achieved CD8 + T cell expansion comparable to aAPC/mOKT3-mediated stimulation (Figure 2G) . Conversely, CD8 + T cell proliferation was significantly impaired when these cells were repeatedly stimulated by aAPC/mOKT3. We also evaluated the T cell proliferation upon stimulation with anti-CD3/CD28/4-1BB beads. Although the addition of 4-1BB costimulation slightly improved the T cell expansion, transient stimulation resulted in better proliferation of CD8 + T cells. We further evaluated T cell proliferation upon variable durations of stimulation by removing the beads on day 1, 3, or 5 and found that longer periods of stimulation negatively affected CD8 + T cell proliferation ( Figure 2H ). Interestingly, CD4
+ T cells showed the most robust expansion with a 3-day stimulation protocol, suggesting that CD4 IL-2 receptor expression is induced by transient stimulation and maintained at sufficient levels by IL-2 exposure. We then investigated how transiently stimulated T cells are able to maintain proliferation after bead removal. As optimal in vitro T cell expansion requires TCR stimulation and costimulation prior to cytokine supplementation, cytokine treatment alone cannot induce sufficient T cell proliferation ( Figure 5A ). T cell stimulation upregulates the expression of cytokine receptors, which is required for T cell proliferation. We investigated the expression kinetics of IL-2 receptors α, β, and γ following TCR/CD28 engagement. The expression of all the receptors in CD8 + T cells was rapidly upregulated upon bead stimulation and gradually downregulated along with continued culture ( Figure 5B and Supplemental Figure 5 ). IL-2 receptor expression in bead-removed T cells was maintained at higher levels than those in the freshly isolated T cells for approximately 2 weeks. Similar results were obtained with CD4 + T cells (data not shown). Importantly, the removal of cytokines significantly downregulated the expression of IL-2 receptors α and γ, confirming the positive feedback mechanism between cytokines and their receptors ( Figure 5C ) (31) . Collectively, transient stimulation and subsequent cytokine supplementation induce and maintain the expression of IL-2 receptors at levels sufficient for T cell proliferation.
Transiently stimulated CD8 + T cells exhibit better in vivo persistence and antitumor effects. We then compared the in vivo persistence capacity of CD8 + T cells expanded with transient or prolonged stimulation. CD3 + T cells were stimulated with anti-CD3/CD28 beads in either a transient or prolonged manner, cultured in the presence of IL-2 and IL-15, and transplanted into irradiated NOD/SCID-IL2Rγ null (NSG) mice ( Figure 6A ). To make a fair comparison of their persistence capacity, T cells were expanded until a CD8 + T cell subset accomplished 100-fold expansion. Since CD8 + T cells with chronic bead stimulation proliferated more slowly, it took more days until they reached 100-fold expansion (Supplemental Figure 6A) . As reported previously, the T cell-infused mice progressively lost weight and succumbed to lethality due to xenogeneic graft-versus-host disease (GVHD) (Figure 6 , B-E) (13, 32) . Importantly, transiently stimulated CD8 + T cells were observed at a significantly higher frequency in the peripheral blood at each time point and caused a more rapid development of GVHD than the chronically stimulated T cells. The transplanted T cells underwent proliferation and differentiation from a T SCM to a CD45RA -population when monitored in the peripheral blood ( Figure 6F and Supplemental Figure 6B ). These results indicate that the CD8 + T cells expanded with transient stimulation were superior in persistence and proliferative capacity when adoptively transferred in vivo.
We next addressed the therapeutic effects of antitumor T cells expanded using the transient stimulation protocol. CD3 + T cells were stimulated transiently or chronically with anti-CD3/CD28 beads or aAPC/ mOKT3 and were retrovirally transduced with the anti-CD19 CAR gene ( Figure 7A ). NSG mice were intravenously injected with the human CD19
+ acute lymphoblastic leukemia cell line NALM-6 transduced with a firefly luciferase-EGFP fusion gene (NALM6-GL) 10 days prior to T cell infusion. Since different 
CD4
+ /CD8 + T cell ratios could influence antitumor activity independent of the quality of the CAR-T cells, we separated CD4 + and CD8 + T cells before transplantation and infused a defined number of each T cell subset (2 million CD8 + T cells and 1 million CD4 + T cells). The CAR-T cell grafts efficiently eradicated leukemia soon after T cell infusion regardless of the stimulation protocol. However, all of the mice treated with the chronically stimulated CAR-T cells relapsed thereafter ( Figure 7 , B and C). In contrast, transiently stimulated CAR-T cells controlled leukemia progression for a longer duration, which resulted in better overall survival ( Figure 7D ). Although the CAR-T cells progressively declined in frequency after transplantation, transiently stimulated CAR-T cells exhibited significantly better persistence in the peripheral blood at each time point, which appeared to correlate with the superior control of leukemia cells ( Figure 7E and Supplemental Figure 7) . Collectively, these findings demonstrate that controlled in vitro stimulation leads to the expansion of CAR-T cells equipped with superior persistence and antitumor activities.
Discussion
In this study, we investigated qualitative differences in T cell stimulation conferred by inert particles and cell-based aAPCs and showed that a short period of stimulation with anti-CD3/CD28 antibodies Ex vivo or in vitro expansion of antitumor T cells is an essential step to generate antitumor T cell grafts in adoptive cancer immunotherapy. Recent studies have revealed that a variety of cytokines and costimulatory signals can coordinately affect the quantity and quality of the expanded CD8 + T cells (14, 25, 27, (33) (34) (35) (36) . Although it has been reported that anti-CD3/CD28 beads can efficiently expand CD4 + T cells but not CD8 + T cells, the underlying mechanism has not been fully addressed. Our results indicate that CD8 + T cell expansion is markedly enhanced by shortening the duration of T cell stimulation. Furthermore, our data suggest that the duration of T cell stimulation for optimal T cell expansion was different between CD4 + and CD8 + T cells and that CD4 + T cells required more prolonged stimulation than CD8 + T cells. These observations are consistent with recent mouse studies; CD8 + T cells were able to proliferate and differentiate into effector T cells in response to transient antigen presentation, while CD4 + T cells required sustained antigen exposure for continued growth (37, 38) .
In addition to the impaired proliferation, chronically stimulated CD8 + T cells were inferior in cytokine secretion compared with those that were transiently stimulated. The phenotypes of constitutively stimulated T cells were similar to those of exhausted T cells. T cell exhaustion is a state of T cell dysfunction observed in conditions such as chronic infection or the tumor microenvironment, where T cells are continuously exposed to antigens (39) (40) (41) . Similar phenotypes can be induced in the in vitro setting by repeated stimulation, which attenuates the proliferative potential and cytokine-secreting capacity of cultured T cells (42) (43) (44) . Recent studies have revealed that CD28-mediated costimulatory signaling is also associated with impairment of T cell functions. Several CAR constructs containing a CD28 intracellular signaling + T cells were transiently stimulated with anti-CD3/CD28 beads and cultured in the presence of IL-2. On day 7, the T cells were kept in culture or transferred to cytokinefree media, and the expression of IL-2 receptors was analyzed by flow cytometry on the next day (n = 4, paired t test).
domain provoke antigen-independent T cell activation and reduce the antitumor efficacy of CAR-T cells by inducing exhaustive states prior to infusion (30). Kawalekar et al. reported that CD28 and 4-1BB signaling differentially affect T cell metabolism and proliferative potential during ex vivo expansion (45) . While CD28-mediated costimulatory signals support T cell proliferation, they might accelerate the induction of exhaustive phenotypes in the context of persistent stimulation. Consistent with previous studies, 4-1BB costimulation enhanced the expansion of CD8 + T cells and ameliorated the functional impairment caused by chronic stimulation. Although T cell proliferation is generally coupled with differentiation, transient stimulation contributed to the superior maintenance of a T SCM phenotype and better proliferative potential. Consistent with their marker profiles, the transiently stimulated T cells exhibited improved persistence and antitumor activity when adoptively transferred in vivo, demonstrating that they possess superior functional properties compatible with their T SCM phenotype. These results indicate that the duration of stimulation can significantly affect the quality of antitumor T cells.
In summary, we demonstrated that short-term T cell stimulation significantly augments the functional properties and proliferative potential of cultured CD8 + T cells, which results in improved antitumor efficacy in vivo. These findings can be readily applied to expanding superior T cell grafts for various types of adoptive T cell therapy, such as tumor-infiltrating lymphocyte therapy, TCR gene therapy, and CAR therapy. 
Methods
In vitro culture of human T cells. Healthy donor-derived peripheral blood mononuclear cells were isolated by Ficoll-Paque PLUS density gradient centrifugation (GE Healthcare). CD3 + T cells were purified through negative magnetic selection using a Pan T Cell Isolation Kit (Miltenyi Biotec). To evaluate memory T cell differentiation, CD45RA
+ cells were isolated with a FACS Aria flow cytometer (BD Biosciences). Purified T cells were stimulated with aAPC/mOKT3 irradiated with 200 Gy at an effector/target (E:T) ratio of 5:1, anti-CD3/CD28 Dynabeads or anti-CD3/CD28/CD137 Dynabeads (Thermo Fisher Scientific) at a bead/T cell ratio of 1:1 according to the manufacturer's instructions. For repetitive stimulation by aAPC/mOKT3, the irradiated aAPC/mOKT3 corresponding to 85% of the cells cocultured on day 1 was added from day 2 through day 7. On day one, 100 IU/ml IL-2 and 10 ng/ml IL-15 (Peprotech) were added to the cultures. IL-7 (Peprotech) was used at 10 ng/ml. The culture media were replenished every 3 days. The CD4/CD8 ratio of each CD3 + T cell sample was determined by flow cytometry for calculating the fold expansion of CD4 + and CD8 + T cells. Cell lines. The aAPC/mOKT3 cells were derived from the human erythroleukemic cell line K562 (American Type Culture Collection) and established as previously described (28) . The human CD19 + NALM-6 leukemia cell line was obtained from DSMZ and transduced with pMX-EGFP-firefly luciferase (NALM6-GL) for in vivo imaging studies. All the cells were routinely checked for the presence of mycoplasma contamination using PCR-based technology.
Flow cytometry. The following antibodies were used for flow cytometry: APC-Cy7-anti-CD4 (clone RPA-T4; BioLegend), PE-Cy7-anti-CD8 (clone SFCI21Thy2D3; Beckman Coulter), Pacific Blue-anti-CD8 (clone B9.11; Beckman Coulter), Pacific Blue-anti-CD3 (clone UCHT1; BioLegend), FITC-anti-CD45RA (clone MEM-56; Thermo Fisher Scientific), APC-Cy7-anti-CD45RA (clone HI100, BioLegend), PE-anti-CD62L (clone DREG-56; BioLegend), Pacific Blue-anti-CCR7 (clone G043H7; BioLegend), APC-Cy7-anti-CD27 (clone O323; BioLegend), APC-anti-CD28 (clone CD28.2; BioLegend), PerCP/Cy5.5-anti-CD95 (clone DX2, BD Biosciences), APC-anti-CD45 (clone HI30; BioLegend), FITC-anti-IL-2 (clone 5344.111; BD Biosciences), PE-anti-TNF-α (clone MAb11; BioLegend), PE-Cy7-anti-IFN-γ (clone 4S.B3; BioLegend), PE-anti-CD69 (clone FN50; BioLegend), PE-Cy7-anti-CD25 (clone B1.49.9; Beckman Coulter), PE-anti-CD122 (clone TU27; BioLegend), and APC-anti-CD132 (clone TUGh4; BioLegend). The stained cells were analyzed with a FACS Canto II (BD Biosciences). The data analysis was performed with FlowJo software (Tree Star). For intracellular flow cytometry analysis of cytokine production, T cells were stimulated with aAPC/mOKT3 or K562-CD19 at an E:T ratio of 1:1 and incubated for 6 hours. Brefeldin A (BioLegend) was added to the cultures 2 hours following the stimulation. The cells were then fixed and permeabilized using a Cytofix/Cytoperm kit (BD Biosciences). For CFSE dilution assays, T cells were labeled with 5 μM CFSE (Thermo Fisher Scientific) before culture. Dead cells were discriminated with the LIVE/DEAD Fixable Dead Cell Stain (Thermo Fisher Scientific). The CAR-transduced T cells were stained by biotin-labeled protein L (Genscript) followed by streptavidin-PE (Thermo Fisher Scientific).
Mouse experiments. In murine experiments, 6-to 10-week-old male NSG mice (The Jackson Laboratory) were used. In the experiments for evaluating the in vivo persistence of T cells, CD3 + T cells were stimulated with anti-CD3/CD28 beads for 24 hours or chronically, transduced with the CAR-gene, and expanded until CD8 + T cells had more than 100-fold expansion. The number of T cells was counted every 2 days, and the CD4 + /CD8 + T cell ratio was analyzed by flow cytometry. The mice were irradiated with 1.5 Gy prior to T cell infusion. The incidence of GVHD was monitored daily, and the mice were sacrificed when they exhibited one of the following symptoms: more than 20% loss of the initial body weight, pronounced lethargy, hunched posture, severe diarrhea, or severe dermatitis. In the leukemia treatment model, 5 million NALM6-GL cells were intravenously injected into NSG mice. CD3 + T cells were retrovirally transduced with a second-generation anti-CD19 CAR gene (FMC63 anti-CD19 scFv linked with the CD28 and CD3ζ intracellular domains) and transplanted into the mice 10 days following NALM6-GL infusion. Imaging of the tumor cell localization was performed with a Xenogen XPM-2 (Perkin Elmer). Leukemic mice were randomly assigned to treatment groups in each experiment.
Retroviral transduction of T cells. PG13 packaging cells (American Type Culture Collection) stably transduced with the pMX retroviral plasmid encoding the CAR construct were used for the infection of T cells. The pMX retrovirus vector was provided by Toshio Kitamura (University of Tokyo, Tokyo, Japan). Transduction was performed 2 days following anti-CD3/CD28 bead stimulation for 3 consecutive days.
Polybrene was added at a concentration of 1 μg/ml during the transduction.
Statistics. The statistical significance of differences between 2 groups was assessed with a 2-tailed paired or unpaired t test. Comparisons of more than 2 groups were performed by ANOVA with multiple comparison tests. The frequency of CAR-T cells in the peripheral blood was analyzed by the Kruskal-Wallis test (nonparametric ANOVA) followed by Dunn's multiple comparison analysis at each time point. Differences were considered statistically significant at a P value of less than 0.05. In mouse experiments, the weight-loss-free survival and overall survival of the mice were depicted by a Kaplan-Meier curve, and the survival difference between groups was compared with a log-rank test. When more than 2 groups were compared, the P value was adjusted by the number of comparisons. All statistical analysis was performed using GraphPad Prism 6. No statistical method was used to predetermine the sample size.
Study approval. This study was performed in accordance with the Helsinki Declaration and approved by the Research Ethics Board of University Health Network, Toronto, Canada. Written informed consent was obtained from all healthy donors who provided peripheral blood samples. All animal experiments were approved by the Ontario Cancer Institute/Princess Margaret Cancer Centre Animal Care Committee at the University Health Network.
Author contributions
YK and NH designed the project. YK, MN, TO, YC, KS, TG, and MA performed the experiments. MOB provided critical samples. YK and NH analyzed the results and wrote the manuscript.
